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Abstract - The probability density functions of a passive scalar quantity 1
are calculated in a perturbed mixing layer by means of direct numerical ::;
(3

simulations. The results indicate that the two-dimensional rollup of the ::,,
¢

unsteady shear layer, and the pairing process in particular, contributes :‘:::
greatly to the generation of the predominant peak of the PDF's within the j

mixing region, "

i

™
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INTRODUCTION 1

Probability Density Functions (PDF's) have proven very useful in the i‘

theoretical treatment of turbulent reacting flows since the early work of
Hawthorne et al. (1949). An approach based on the solution of a transport .

]

equation governing the probability density function of the scalar quantities 2&

has the advantage that it provides a complete statistical description of all
the scalars (Pope, 1979). Therefore, the effects of chemical reactions appear
in a closed form eliminating the need for any turbulence modeling associated
with the scalar fluctuations, However, models are needed for the closure of
the molecular mixing term and also the turbulent convection (0'Brien, 1981).

In most of the previous work employing the PDF approach, the effects of

molecular mixing have usually been modeled by using different stochastic 4 a '\
models originating from the same "family” of the coalesence-dispersion models ,________,-
(Pope, 1982), whereas simple gradient-diffusion approximations have been _.___.____f

employed for the closure of the turbulent flux of the PDF (Givi et al,, 1984), ::, p .:‘,
—— =1ty Cedes W

| Avail and/er ‘:.'
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Among these previous works, Givi et al., (1985) used a Monte Carlo
numerical routine for the calculations of a modeled transport equation
governing the evolution of a passive scalar PDF in a nonreacting two-stream '
turbulent mixing layer. The results of the prediction were compared with the
experimental data of Masutani and Bowman (1986), which were obtained under
gimilar hydrodynamical conditions. Good agreement between predicted results '
and the measured data was obtained for the first two moments of the scalar
quantity, There was a major difference, however, between the calculated and A
measured profiles of the PDF's, The experimental results indicated that the i
apparent functional form of the PDF changes very little across the mixing
layer and has an intermediate peak at a fixed "preferred” value of the
concentration (although the magnitude of this peak changes as the mixing layer
is traversed). This behavior was originally documented in the measurments of :
Konrad (1976) and Koochesfahani (1984) in the mixing transition and post-
mixing transition (Breidenthal, 1981) regions of the layer and indicates that
a given mixed fluid concentratfon has the same probability relative to other

mixed fluid concentrations, regardless of the position in the layer. The

e Ve~ >

predicted results, however, indicate that the location of the PDF peak, with
respect to the concentration coordinate, changes as the layer is traversed,
meaning that the PDF of the mixed fluid concentration varies with the cross
stream direction of the layer,

The major reason for this discrepancy, as suggested by Givi et al., (1985)
and Masutani and Bowman (1986), is due to the shortcomings associated with the .
gradient diffusion modeling of the turbulent flux of the PDF and is fairly
independent of the modeling of the molecular amixing term (Kosaly and Givi,

1987). In a highly intermittent flow such as a mixing layer, regions of

turbulent fluid are interrupted by the presence of nonturbulent surrounding y
fluid. A simple gradient diffusion model is not expected to accurately
account for this discontinuity.

By the use of direct numerical simulations, it is now possible to simulate
the mixing layer directly without resorting to turbulence models (Riley and
Metcalfe, 1980). Direct numerical simulation refers to the numerical solution
of the exact transport equations of turbulent flows by means of very accurate
and efficient numerical methods, Tranaport coefficients are chosen to assure
that all relevant flow characteristics are accurately resolved so that no

turbulence modeling is required., The results of such simulations can be used

TP-210/09-87 2
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to obtain useful information on the statistics of the variables characterizing
the structure of the flow, which in turn can be used as a basis for turbulence
modeling.

In this communication, the results of direct numerical simulations are
used to construct the PDF of a passive scalar quantitiy in a perturbed two-
dimensional mixing layer. The profiles of the PDF constructed in this manner
are used to address the shortcomings associated with the modeling of the
turbulent flux of the PDF in the transport equation governing its evolution,

RESULTS

A pseudospectral numerical code developed by McMurtry et al, (1986) was
modified to simulate a two-dimensional temporally evolving mixing layer under
the influence of harmonic forcing., The numerical resolution was upgraded from
the previously used 64 x 64 grid to 256 x 256 equally spaced Fourier modes.
This upgrade was required for better statistical analysis of the data used for
constructing the PDF's. The flow 18 assumed periodic in the streamwise
direction and free slip, impermeable boundary conditions are employed at the
transverse boundaries. Although, the laboratory splitter plate mixing layers
evolve spatially downstream and the numerical simulations evolve temporally,
important similarities in the dynamics of these two flows make it useful to
study accurate numerical simulations of the temporally growing layers. By
simple Galilean transformation, a flow quantity averaged in the streamwise
direction can be related to the time average of the same quantity at a fixed
location in a splitter plate configuration. These averaged quantitities are
dependent on the tranverse coordinate and the time. Again, the inverse
Galilean transformation relates time to the streamwise location in a splitter
plate configuration. There is one structure within the periodic domain at
each time step. Statistical analysis are perfromed by sampling 256 data
points in the streamwise direction at each transverse location and at each
time step. The presence of periodic boundary conditions allows us to use
accurate pseudospectral numerical methods; these methods are discussed by
McMurtry (1987) and will not be repeated here.

The flow field is initialized with a hyperbolic tangent mean streamwise

velocity profile and perturbations corresponding to the most unstable mode of
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this profile and the first subharmonic of the most unstable mode, The

properties of these modes have been evaluated from linear stability theory
(Michalke, 1964). The fundamental mode in the mixing layer produces a single
vortex rollup, When the subharmonic 18 added in, a second rollup, or pairing,
can occur,

The normalized initial value of the conserved scalar concentration, f,
varies from O in the bottom stream to 1 in the top stream, and its shape is

approximated by the following functional form:

y
f(x,y,0) = f exp(-;/yo)zd;

1
The flow 18 conveniently characterized by two nondimensional parameters: the
Reynolds number, Re = pUs/y, based on the mean velocity difference across the
layer, the velocity half width, and the kinematic viscosity; and the Peclet
number, Pe = Re Sc, where Sc is the molecular Schmidt number, The values of
these two parameters were set equal to 200, so that the scales would be
accurately resolved on the 256-256 grid points employed in the numerical
simulations, The value of y, was chosen so that the initial concentration
thickness and the initfal velocity thickness were identical. The time depen-
dent transport equations governing the hydrodynamical variables (velocities
and pressure) and the scalar variable (f) are solved with use of the pseudo-
spectral code, the results of which are discussed next,

The contour plots of the conserved scalar variable are shown for the
purpose of flow visualization. 1In Fig. 1, we present the time development of
the contours of the variable f at four different computational times,
Initially, the perturbation associated with the fundamental mode grows until a
time of t* (t*=tau/s) equal to 12, when the first rollup occurs. Proceeding
in time results in the diffusion of the core of the vortex and the growth of
the subharmonic mode, which expresses itself in the form of a second rollup and
the pairing of two neighboring vortices. This second rollup is completed by a
time of t*=36, Proceeding further in time results in the diffusion of the
vortex core with no additional rollup,

The profiles of the PDF's of the variable f obtained by statistical
analysis of the instantaneous values of f are shown in Pig. 2. 1In this figure,
the PDF has been plotted as a function of the instantaneous concentration f,
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and the cross-stream direction of the shear layer. These PDF's represent
conditions at the initial stages of the growth (t*=3) and the final stage
after the pairing process is completed (t*=36),

A comparison between the two parts of Fig. 2 reveals the effects of vortex
dynamics on the structure of the PDF's, Fig. 2a shows that, at the early
stages of the development, before any rollup or pairing has occurred, the
PDF's can be simply characterized by two delta functions that are located at
f=0 and f=1, with only a negligible amount of mixed fluid at the mixing core
of the layer, This indicates that, at any location in the cross-stream
direction, the fluid originates from either the top stream or the bottom stream
without any significant amount of mixing in the core. Fig. 2b shows that after
the occurance of the rollup and the completion of pairing, a third spike
appears in the profiles of the PDF at a region in the neighborhood of a concen-
tration value of 0.5. The presence of this third peak suggests the existence
of a preferred mixed fluid concentration equal to 0.5. The combined effects
of vortex rollup and diffusion are to engulf fluids from the two streams and
mix them in the cores of the vortices, As the layer 1s traversed, the
preferred value of this concentration does not seem to change considerably and
remains in close proximity to £=0.5,

The trimodal shape of the PDF is consistent with that observed experimen-
tally (Koochesfahani, 1984), However, the experimental measurements were
performed in the transition and post-transition regions of the mixing layer,
whereas the numerical data presented here resulted strictly from a two-
dimensional simulation., This indicates that the two-~dimensional rollup of the
unsteady shear layer can be considered as one possible mechanism by which the
third peak is generated in the PDF profiles,

It should be mentioned that the presently calculated third peak of the PDF
at the preferred mixed fluid concentration of f=0.5 is less pronounced than
that observed experimentally by Masutani and Bowman (1986), This may be due
to the fact that in the present calculations, the effects of random turbulent
motion, which can further enhance mixing, are not taken into account. 1In order
to consider the contributions of turbulent motion into the generation of the
third peak in the PDF profile, three-dimensional simulations are required.
Furthermore, the asymmetry of the mixing mechanisms, which has been both
experimentally (Koochesfahani et al., 1985; Koochesfahani and Dimotakis, 1986;
Mungal and Dimotakis, 1984) and numerically (Givi and Jou, 1987) observed for
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spatially evolving flows cannot be represented in the temporal simulations o
presented here., The asymmetric mixing mechanism results in a preferred concen-

tration value that 1s closer to that of the high speed stream and may depend "
on the ratio of the free stream velocities (Dimotakis, 1986). 1In the present
temporal simulations, the ratio of the magnitude of the free stream velocities
is equal to unity and the structure of the flow is symmetric with respect to #
the streamwigse coordinates (as showm by the symmetry of the PDF's with respect
to the location (f,y)=(0.5,0) in Fig. 2). Therefore, the numerical simulations

cannot predict any other than the arithmatic average of the concentration

-’

values of the two streams (i1.e., 0.5). Nevertheless, the results indicate that '
the rollup of the unsteady shear layer contributes greatly to the generation of

the predominant peak of the PDF's. The exact role of the small scale turbu-

. s

lence motion on the enhancement of such generation requires full three-

> ]

dimensional simulation and is the subject of our future research,

Finally, the reason that the methods based on simple gradient diffusion

iy
e

modeling of the turbulent flux of the PDF, such as that employed by Givi
et al, (1985), cannot predict the trimodal shape of the PDF obtained in the

present simulation i1s due to the fact that such methods do not consider the

- gAY

influence of intermittency caused by the large coherent structures in the ™
formulation, The results of the direct numerical simulations reported here !
indicate the importance of such structures in the mixing region of the shear "
layer and suggest the need for better turbulence models in order to accurately

predict the mechanisms of mixing and entrainment in such flows, ’:
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FIGURE CAPTIONS f

Figure 1: Plot of the Conserved Scalar Variable (f) Contours at Four
Different Computational Times. Contour Minimum is 0, Contour
Maximum is 1, Contour Interval is 0.1, (a) t#*=3, (b) t*=12, (c)
t*=24, (d) t*=36,
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Figure 2: PDF's of the Conserved Scalar Variable (f) at Points Across the
Mixing Layer Width, (a) t*=3, (b) t*=36,

PR R

. g ®_=* - - £ X -
‘f‘lf'"‘.’ L A %54 _’ : x 4. T

)

o WA NN

AT TR ST 8 S,

5642R <
hY
§
TP-210/09-87 9 7
-
- o

OO R O T QU UM DU DTN el a0 L SN <

. (8

f"wfvyfv$¢Vﬁﬂmwf



» L e e S ara 6'm 44247 2% 4% 4%a 40y @t WL\ U U R TR URA A ) Sl S8 5 TH_ VRN WY "Gt 0 04 A aCh L Rl ghe ROl o ol oA e’ L 'ale "l i

Fiyure la

Lo
e
"
-

O

0 " 1]

f
f

(a)

Ty

L RS ! J ¢, hd Sl € "% g W Wy = L} A A W W o W,
B “'.5 : fh‘ i 'a.‘.l'.'i u‘l‘.\ ..l.\ I"‘. .'.t.\,l‘l‘t.l.." -'Ill".c.. Ol } u‘l [} o .‘l ) ‘ () QA. " > L MY \ MYy ' # W 13" "- iy " \



‘e

e e

Fiavre 1b

(b)

3 ¥ N . " %) : ] . ol - i -
NG OEGRENONC SN SO NIARINIAIMEN NS TN T s .,.‘”‘.!‘_.o_‘.. D R e N Y . al







SENUEEY TP SEF T PRI A L I LA R L0 R O U TR AN R AL R AP UG RN U AT R U T RO O Y 3 Spld 5nd tp® Pel ¥a)

Fisurc 14

.ot

4

B
&
4

(d)

LN A I < D DONO J
RN TARLOM L R NN t’.',h'.’,_'a','m LN ,t’._t‘.!o‘.,l’.,o'.,t'.‘:‘.’a'.'t'.‘a‘.'i‘.';‘.‘a',‘n‘.'a‘.'c'. AU O KA




=

e T

at

R

e
“ g
Kyl P

S3 t, 248 af 2 PRIETAR T PPN T T 4 3t gal” ot oW UNY g

. .,--m.e’-';- .

D R s - S mapeyemats i
3 i ;%@?ﬁ%—?’{ v
Y /‘ﬂ; ‘.-iy'f F ,: FEk s P 3.5 oyt

i

KN 1,00 .'\‘li.-‘)_‘h ol ,““n“‘.‘\‘; IO

\r‘\!‘v‘nvu-u—.--w_,.,,

Fiqure o~
. *, " - -—nvn . p pR AN -
» » At "-‘\‘-‘I‘:\'w‘l’x‘i‘a'l.» !‘v‘l.n.. g g N by ‘a't.n. ‘0."! ¥ L’O, AN SR g AN (aal



: P, ‘ Yy
ENTLE Vet i, o8 TP e oab b el a8 100 508 Nl V6 20 0,8 4,079, 0'R¢ . 5. 9" 0' b 5 n¥-ate-pf vty b

— " WA W
ORI IR NLRSLR Y SO

OGO IGO0
l.“‘:"‘."l."l K ‘w‘!.\‘.'l



